Abstract -The present study aims to increase the amount of surface flux by changing the magnetic directions of a spherical magnet (NdFeB) consisting of four poles. For this purpose, the magnetic directions of quartile spherical slices constituting the spherical magnet are manipulated and their threedimensional analyses are carried out by using finite-element method via Maxwell environment. The analysis of the magnetic quartile spheres with four different magnetic directions are compared to the each other, and then the quartile sphere with the best surface flux distribution is suggested for rotor structure. It is clear emphasized that the induced torque of the spherical motor, in which such a rotor is used, will be improved as well.
Introduction
Permanent magnets have unique abilities over conventional electromagnets: they can continuously generate magnetic flux without consumption of input energy and no power for cooling. Especially, the neodymium-iron-boron (NdFeB) magnet developed in 1980s has enlarged the application of permanent magnets in the electrical industry [1] [2] . The Halbach magnet array was proposed by Halbach in 1980 for undulatory or electron wiggler [3] . If there is a magnet for which the magnetization direction rotates continuously, magnetic flux is constructed via superposition on one side of the magnet while the flux is destructed on the other side. Since continuously rotating magnetization is difficult to manufacture, the ideal array is approximated with a segmented magnet [4] . Bojan Stumberger et al. point out the comparison of torque capability of the three-phase permanent magnet synchronous motors with different permanent magnet arrangements [5] . Moon G. Lee and Dae-Gab Gweon emphasized the multi-segmented trapezoidal magnet array for a high-precision positioning system [6] . More and more analytical approaches were proposed by many authors for calculating the magnetic field created by arc-shaped permanent magnets whose polarizations can be radial [7] [8] [9] The design of the spherical magnet can also be the permanent magnet array. Actually, the spherical permanent magnet array (SPMA) is generally used in spherical motors. Spherical motors can be described as motors that have movement capability that can be possessed by one or more than one motor. Unlike other electric motors, their movement capability is not mono-axial; they can move along different axes. Due to this characteristic, they are chosen in industrial for different purposed applications. However, they have not achieved commercial success yet because they do not have a sound structure, and they have a complex electric and magnetic design.
A lot of research about spherical motors have been going on for several decades. There are many different structured spherical motors resembling induction motors [10, 11] , direct-current motors [12] [13] [14] , stepper motors [15] , variable reluctance motors [16, 17] and ultrasonic motors [18, 19] . Three dimensional nature of the electromagnetic field distribution in the foregoing spherical motors make their electromagnetic and dynamic behavior difficult to analyze, and this has been a significant obstacle to their design optimization and servo application. As a result, the potential benefits of employing spherical motors have not been realized. Therefore, most of these motor forms remain un-commercialized. In recent past, new formulas of the spherical actuators moving in two-free axes are analyzed and approved with the help of experiences [20, 21] .
And the features of rotors used in these designs are very different from each other. The directions of the magnets in the form of pieces used in a spherical motor to be designed should be selected in such a way that the surfaces at flux values can evenly be distributed [22] [23] [24] . Hongfeng Li and et al carried out the spherical harmonic analysis of a halbach array permanent magnet spherical motor [25] . Design and analysis of a variable arc permanent magnet array for the spherical motor were reported by Changliang Xia and et al. [26] . Hyun-Jong Park and et al introduced a several studies about performance increasing of permanent magnet spherical motor. [27] [28] [29] . Bin Li and et al implemented a spherical motor design by using spherical harmonics [30] . Zhe Qian and et al studied on analysis of permanent magnet spherical motor with cylindrical poles and reported effects of that pole structure [31] . Hyung-Woo Lee et al focused on calculation of the produced torque in permanent magnet spherical motors [32] . Guo Jinjun et al investigated the effect of pole layouts †of permanent magnets and electromagnets on inclination torque of a multi degrees of freedom spherical motor [33] .
As known, the directions of permanent NdFeB magnets are determined during production, so they possess predetermined magnetic characteristics. So, in this study, the permanent magnet spherical rotor structures are investigated. For this purpose, magnetic analyses of this rotor type are made via simulations by changing magnetic directions of the quartile spherical slices forming the rotor to find out the increase in the surface flux values.
For each rotor structure, analysis is carried out for the permanent magnet material with the same features. In this way the possibility of making comparison is created.
Rotor Structure and Magnetic Directions
The spherical magnet introduced in this study consists of combining four-quartile spheres. Every quartile includes the same NdFeB 35 material as a single piece. The permanence value of the NdFeB 35 permanent magnet is Br=1,234 T, and its relative permeability is µr=1,15 [34] . Fig. 1 . shows the spherical rotor structure designed with four pieces of permanent magnets, and the B-H curve for the spherical magnet can be seen in Fig. 2 .
The magnetic directions of the four pieces of quartile spheres forming the spherical magnet are changed in four different ways, and their magnetic analyses are conducted for each changing.
Every variation of the magnetic-field directions results in a change of flux directions inside and on the surface of the spherical magnet, and in this way, the magnetic direction yielding the highest flux value on the surface of the sphere is achieved for the rotor using in the application.
Br (1,234 T) is the value computed in the conditions of a closed loop (magnetic core) magnetic circuit [34, 36] . This value was calculated to be around 0.6 T on the surface of the magnet (without magnetic core).
In numerical calculations made for the geometry of the spherical motor designed by Howe et al., the flux values on the surface of the spherical rotor were calculated with legendry polynomial. Since the same structure is used, the same calculations are directly used here
3D Magnetic Analyses
3D magnetic analyses are carried out for 4-different modeled spherical permanent magnets. The magnetic dimension of Model-1 is adjusted in such a way as to pass through the middle of the quartile magnetic slice and at α=45°. Two opposite poles have N magnetic direction, and the other two opposite poles have S magnetic direction.spherical coordinate system Model-2 is adjusted in such a way as to have a magnetic direction of α =90°; the magnetic dimension of Model-3 is Fig. 1 . Permanent magnet rotor in spherical structure and Ansoft Maxwell software has been used for the proposed design and simulations [35] . adjusted to be α =0°; and the magnetic direction of Model-4 is adjusted to be α =180°. In Fig. 3 . the vector images of the flux densities on the surface of the sphere can be seen. While one pole is directed outside, the other one is directed from outside to inside. At the end of the analyses carried out, when a section is taken from the center of the spherical magnet and then its magnetic flux lines are examined, many different magnetic distributions will be seen, as in Fig. 4 . The purpose of the present study is to create a high magnetic flux density and even flux distribution on the surface of the sphere. In Fig. 4 . the magnetic flux distribution occurring on the central area is shown in the form of vector and power lines. By comparing these different analyses, information of the strength of the flux on the surface of the magnet can be obtained.
In line with the architecture of the spherical motor, the external surface of the spherical magnet that can be used should be one pole, and the internal side should be one pole. Therefore, the best flux distribution can be seen in Model-1. Among the other models, Model-1 can be selected for spherical rotor application as it yields the highest level of flux and the smoothest flux. In Model-4, there is no good flux distribution on the surface in spite of high flux density. Therefore, structure of Model-1 which has low harmonic order and good flux distribution can be employed as a rotor for the spherical motors. Magnetic poles occurring on the surfaces of the magnetic spheres depending on their directions can clearly be seen in Fig. 5 . Here, the sections marked with red represent the N pole, and the sections marked with blue represent the S pole. When we look at the Fig. 5 . attached to Model-1, we can see the inner edge become the N pole and the external surface becomes its opposite the S pole. In this way, the external surface of the quartile sphere slice creates a pole extending from the center towards the outside. This is very suitable for the spherical motor architecture and completes movement of the spherical rotor.
Calculation of Magnetic Flux Distributions
The magnetic field region generated by the permanent magnet spherical rotor lays on the basis of distribution information, design optimization and the creation of the proper model for the spherical motor [20] . Given the fact that magnetic flux lines extend on the soft iron stator without leakage, the magnetic field region can be divided into two sub-areas. Air gap having μ 0 magnetic permeability and coil region which is the permanent magnet surface having μ 0 μ r magnetic permeability. Therefore, 
where, m l P (.), m is associated with ordinary l. degree of Legendre polynomial and M lm can be expressed as follows [20] . 
By considering the radial constituent boundary conditions of the distribution, the flux density on the spherical permanent magnet surface can be calculated by Eq. (5). 
Results and Discussion
The magnetic flux densities of the rotor are calculated by Eq. (5) for the position of R m =30 mm, r = 0.031 m and θ=0˚ for the gap between α=-π and +π. For the radial constituents of the magnetic flux densities, a comparison of the results between calculated by analytical method and obtained by finite elements method is given in Fig. 6 , for designed model-1.
In order to measure the fluxes on the spherical magnet surfaces, the mechanism illustrated in Fig. 7 is established, and surface fluxes of the spherical magnet can be depicted graphically. The spherical magnet is mounted to a step motor shaft and rotated step by step by the computer-aided program. At each step, it waits for 2 seconds, and then it rotates one more step. During the waiting time, the magnetic flux value on the surface of the spherical magnet is measured by the sensor of gauss meter and then all of the measured data are transferred into the computer. The obtained data are tabulated by an Excel page. By using the stored data, the flux densities on the surface of the spherical magnet are plotted as shown in Fig. 8 . The Gauss Meter being used for the measurements has a Tesla Unit option.
Simulation results obtained by changing of magnetic field vectors of the magnets for Model-1 among the studied models complies with the results obtained by calculation with a numerical method as shown in Fig. 6 , where surface flux density of the magnet is calculated by a numerical method, and FEM, and measured by an experiment.
From Fig. 8 , it can be seen that the highest flux value on the surface is obtained from Model-1. On the other models, the surface flux values are lower than Model-1 and the fluxes on the surfaces are not homogeneous. Comparisons of calculations and measurements on the spherical magnet surfaces in terms of magnetic flux density are given in Fig.  6 and Fig. 8 . Examining Model-2 and Model-3, the flux values are high, but have too harmonic components. For Model-4, the magnetic flux does not make a sine wave at all. But, the results obtained from Model 1 meet the expectations for a good structure of spherical rotor by permanent magnets.
Conclusion
In this study, four-different manipulated spherical magnet are designed and their three-dimensional analyses are realized by using finite-element method via Maxwell environment. The analysis of the magnetic quartile spheres with four different magnetic directions are compared to the each other, and then the quartile sphere with the best surface flux distribution is suggested for rotor structure.
Due to its high and smooth surface flux, which is very important to the architecture of the spherical motor, Model-1 can be used for the spherical motor to get desired torque characteristic. By manipulating different magnet geometries or making different spherical magnet designs, the surface flux values can be improved. In future studies, by using magnets with four different magnetic directions, more available spherical structure can be formed, and more improved flux density on the surface can be achieved, as 
